Heat capacities of liquid C I to CIS n-alkanes measured by calorimetric methods have been compiled and evaluated. The selected experimental data were fitted as a function oftemperature with cubic splines using weighted least squares minimization. The parameters of the cubic spline polynomials and the recommended values for heat capacities are presented. Heat capacities were also fitted by a quasipolynomial equation permitting extrapolation of heat capacities outside the temperature range of experimental values. This article is the second part of a communication on heat capacities of important organic compounds in liquid state. The main objective of this work was to review and evaluate all available calorimetric data on liquid heat capacities of n-alkanes up to C I8 and to present the "best" recommended values obtained by temperature correlation of the data from the selected sources.
The Subcommittee on Thermodynamic Data of the IUPAC Commission on Thermodynamics has been encouraging international projects aimed at the establishment of evaluated thermodynamic data. This article was prepared in direct connection with the IUPAC projects "The Vapor-Liquid Equilibria in l-Alkanol + n-Alkanes Mixtures" and "The Heat Capacities of Liquid Substances".
The first part of this communication (90ZAB/RUZ2) 413   415  416  418  419  421  424  426  427  429  430  431  432  434  435  436  438   441   441 contained the review, evaluation, and temperature correlation of the heat capacities for liquid C I to C I8 1-alkanols. This part deals in an analogous way with the data for nalkanes. As both articles have the same structure and the procedure was described thoroughly in the previous part we only briefly recapitulate the main features, and repeat most of the definitions and table descriptions. The reader should be able to use this article without consulting the previous one which is, however, recommended to those who would like to have a deeper insight into the methodology of evaluating and correlating the data.
Previous compilations
There are not many compilations which review heat capacities of liquid n-alkanes. From ()lder sources the most important is the compilation of Makita and Touloukian fonned since then, especially for lower n-alkanes., The Supplement to the above compilation (76TOUIMAK) lists some of the newer results and contains values for the higher n;alkanes. However, only raw data are presented and the Supplement lacks any evaluation. A number of heat capacity sources for n-alkanes is summarized in the compilation of thermodynamic properties by Domalski et al. (84DOM/EV A). However, the data are given at one temperature only and no recommended data are presented.
. ' Some recommended values for heat capacities were also published in the specialized literature which is not generally available. Tables published by the Engineering Science Data Unit (77ENG) contain temperature correlations ofrecommended data for C] to C I4 n-alkanes; the continuously updated tables published at the Thermodynamics Research Center of Texas A&M University (87TRC) give recommended values for C 6 to C IO n-alkanes. The Design Institute for Physical Property Data (DIPPR) released recently parameters for a polynomial representing the evaluated data for C] to C I6 n-alkanes (85DIP). As this data base is widely used we made a comparison with our recommendations (see Sec. 4.7 in Table 56 ).
Several general tables of physico-chemical properties list also heat capacities for n-alkanes (see Ref. 85WIL/CHA for listing of the most important).
Types of heat capacity data
Two types of heat capacities are encountered throughout this article. The isobaric heat capacity determined by measurements at constant pressure is defined as C~ = T·(aS1/aT)p = (aH1/aT)p.
(1)
The saturation heat capacity results from measurements carried out under conditions of vapor-liquid equilibrium and is defined as (2) where the sUbscript sat denotes that pressure changes with temperature along the vapor-liquid saturation curve. Values obtained from calorimetric experiments correspond to a finite temperature change and cannot be automatically considered as C ~ and C ~at defined by Eqs. (1) and (2). In those cases where the temperature step in the experiment exceeded 10 K, the value obtained is denoted in the tables of experimental values as the average heat capacity C ~vg • This type of quantity has never been used for establishing the recommended values.
The equation connecting C ~at and C ~ at the same temperature T and vapor pressure Psat is:
The conversion can be made from the temperature dependence of the liquid density and vapor pressure. The correction term plays a role only at temperature above the normal boiling point temperature T b • Below that temperature its magnitude is less than 0.1 percent of heat capacity value.
Isobaric heat capacity is practically pressure independent below Tb and 0.1 MPa; the recommended C ~ tabulated in this article above the normal boiling temperature are values of the vapor pressure ofthe compound. The experimental results determined at pressures remote from the vapor pressure were considered (after the appropriate correction) in those cases when they extended the temperature range of available data.
Both C ~ and C ~at are tabulated for those compounds where the difference between the two is not substantially smaller than the uncertainty of experimental data in some part of the temperature range. Appropriate conversions between C ~ and C ~at were carried out first and then both types of heat capacity data were correlated separately. The same data sources were used for calculating the conversion term in Eq.
(3) as in the previous part (90ZAB/RUZ2). The symbol C I without a subscript specification or the term heat capacity are used throughout this paper whenever we refer both to C ~ and C ~at or when the difference between their values for particular conditions is negligible compared to the expected experimental uncertainty.
Methodology of Establishing the
Recommended Data
Evaluation and selection process
Experimental heat capacities of n-alkanes along with auxiliary data were stored in the database of raw data. The correlation was performed using the weighted least-squares methOd; the minimized objective function S had the form: where subscript "exp" and "sm" relate to experimental and smoothed values, respectively. The reciprocal of the variance cr ( C I) has the meaning of the weighting factor. It was estimated for each value from the assumed experimental uncertainty of the data set used in the correlation.
Selection and correlation of data for each cOmpound was carried out simultaneously in several steps. First, a prelinllinary joint correlation was performed with all available data. For those sources where only parameters of a smoothing equation were available, pseudo-discrete data were generated in the temperature range ofthe parameters' validity. In the next step less accurate or obviously inconsistent data were tentatively discarded and possibly the weights of whole data sets were altered. The correlation was repeated several times until the final fit with the selected data was obtained. The finalcorrelation was assigned a level of accuracy (I to VI) according to the quality of the correlated data.
The main criterion for jUdging the quality of the correlation was the standard weighted deviation, Sw
where n is the overall number of the fitted data points, m is the number of independent adjustable parameters in a correlation equation and Smin denotes the minimum of the function S. In addition, use of the following statistical criteria was made: the standard deviation S = {Ltl (C~m -C~~p)7] I(n -m) f~2, (6) the percentage standard deviation
the bias Sb = Ltl (C~m -C~~p)i]ln, (8) and the difference between the number of experimental points with positive and negative deviation from the smoothed values (denoted in tables as + / -). d w , d, dr' and db defined analogously to Sw' S, Sr' and Sb were calculated for both included and rejected data sets. The definitions are as follows: the average weighted deviation
Deviations
the average deviation d= {[itl (C~m -C~~p)7] In 1f12, (10) the average percentage deviation
the bias of the data set db = Ltl (C~m -C~~P)i] In l , (12) where n I denotes the number of data points in one data set.
Correlation equations
The selected experimental values were fitted with cubic splines. In this case, the heat capacity over the whole experimental temperature range is described by k 1· cubic polynomials delimited by k temperatures (knots). The neighboring polynomials have at the inner limiting temperatures not only the same values of heat capacity but also identical first and second temperature derivatives. Thus there are k + 2 independent adjustable parameters, for n-alkanes k equaled 3 to 5 depending on the width of temperature range mid complexity of the heat capacity temperature dependence. A single polynomial quadratic or cubic in temperature was used for those compounds where data were available only in a limited temperature range. The tabulated adjustable parameters Aj relate to the equation
j=O where R is the gas constant and m equals 2 or 3.
The cubic splines are very flexible for the description of heat capacities inside the temperature range of experimental data, however, they cannot be used for a meaningful extra-polation. We described in the previous part a new polynomial equation" which provides for a reasonable polation towards the critical point.
The form
which is always negative can be integrated to obtain (15) where l' = (1 -T /Tc ). E j and e i are adjustable parameters;
Eo results from integration and other Ej's are automatically constrained by the Eq. (14) in such a way that the temperature derivative of the heat capacity must always be positive and equal infinity at the critical temperature. For most nalkanes ml = 2 (similarly to the case of l-alkanols), then m = 5 and four parameters are independent. For methane and ethane where research data reach close to the critical temperature m l = 3, then m = 7 and five parameters are independent.
Units, conversion factors, temperature scales
All numerical data reported in the tables are given in SI units. Factors for converting the values from the original sources to SI units are as follows:
Molar masses were calculated from relative atomic masses recommended by the IUP AC Commission on Atomic Weights (84COM). The differences in temperature scales were neglected as discussed in Part I.
Heat Capacity Data on n-Alkanes-Availability, Consistency, and Temperature Dependence
The literature search was limited to sources published after 1920. Only calorimetric measurements of heat capacities were compiled. Neither enthalpic measurements on reference-fluid boil-off calorimeters nor heat capacities determined by indirect techniques (compressibility and piezothermic methods) were considered. .
Selection of data for C 1 to C 4 n-alkanes
The low alkanes are gaseous at room tempera,ture and atmospheric pressure. The amount of data is not very extensive as handling of compounds is more complicated than for higher n-alkanes. The first results were reported only in the 1920's; most of the values were determined on low temperature calorimeters.
For C 1 to C 3 n-alkanes the most important data are those obtained in the National Bureau of Standards at Boulder, Colorado on an adiabatic calorimeter ~ith the spherical vessel described by Goodwin (61GOO). These measurements, pe~ormed in the 1970's by :' ou~glove, . Roder, and Goodwm, cover most of the saturatIOn lme and reach close to the critical point. They were complemented by several older sources: measurements from the Technical University in Breslau, Germany for methane (29CLU) , from the Cryogenic Laboratory of the Bureau of Mines at Amarillo, Texas for ethane (30WIE/HUB) and from the University of California for ethane and propane (37WIT/ KEM, 38KEM/EGA). Recent results by Cutler and Morrison from the National Research Council in Ottawa on methane and propane were also included. As several consistent data sets relating to saturation conditions are available, we did not consider sources presenting values at pressures removed from the vapor pressure (79V AN/ZEL, 80MIY /
HEJ)·
There are much less data for butane compared with C I to ~ alkanes; only four literature sources were found. Our recommended values are based on old low-temperature measurements by Aston and Messerly (40 AST /MES) from the Pennsylvania State University, complemented by the superambient data from the California Institute of Technology (35SAGILAC). The latter source presents, however, the results only as a graph and the generation of pseudo-experimental data points is very inaccurate.
Selection of data for C s to C 7 n-alkanes
There are numerous data sources for C 5 to C 7 n-alkanes, especially for n-heptane which is recommended as standard substance for calibrating calorimeters.
The main contributions for pentane and hexane are low temperature measurements from the former Bureau of Mines, Bartlesville, Oklahoma (46DOUIHUF, 67MES/ GUT). At superambient temperatures the results from the Groznensky Petroleum Institute (Groznenskii Neftyanoi Institut), USSR (75GRIIRAS) seem to be the most reliable. We included for both compounds another consistent Soviet source covering a wide temperature range (88MEL/ VER) from the Kurskii State Pedagogical Institute (Kurskii Gosudarstvennyi Pedagogicheskii Institut). In the case of pentane we have, however, eliminated in the latter reference the data point at the highest temperature which did not correspond to the expected shape of the heat capacity curve.
The heat capacities for pentane by Peng and Stiel (74PEN/STI) were measured in the high temperature region at pressures abovepsat. They were not considered as any reasonable p VT formulation for liquid pentane is not available which permits conversion of thermodynamic data to the vapor pressure near the critical point. The graph by Grigor'ev et al. (85GRI/GER) representing measurements with pentane near the critical point was also not considered because of difficulty in interpreting the data.
In the case of hexane we included also old but reliable low-temperature measurements from the Stanford University, California (31HUF/PAR) and the extensive measurements from the Institute of Physical Chemistry of the Polish Academy of Sciences, Warsaw (80KAL/JED). Superambient values from the California Institute of Technology were also considered as well as a number of results at room temperature obtained mostly on Picker-type calorimeters.
The position of heptane is quite special due to its frequent use as a reference material in the temperature range 0 to 400 K. The number of heat capacity values reported in the literature is enormous, however, in many cases the results are not original; the recommended data for heptane were first used for calibration, and heat capacity of heptane was then repeatedly measured to check the reproducibility of measurements. We did not, of course, include any of those values. Our recommendations are based on the measurements performed at the National Bureau of Standards, Washington D.C. (470SB/GIN, 54DOU/FUR) and at the Bureau of Mines, Bartlesville, Oklahoma (61MCCIMES). In the case of the latter measurements we included in our fit the final critical summarization of the results as presented by Huffman et al. (61HUF/GRO) . Three additional temperature dependent data sets, selected for the final correlation, were from the following laboratories: The University of Gotingen, Germany (66KLE), The State University of Utrecht, Netherlands (79SCH/OFF) and The Polish Academy of Sciences, Warsaw (80KAL/JED). An IUP AC publication on reference materials for realization ofphysicochemical properties (88MAR) presents saturation heat capacities for n-heptane between 188.6 and 400 K evaluated by A. J. Head and R. Sabbah; these values are based solely on the source 54DOU/FUR. The deviations from our recommendations never exceed 0.08 percent and are in average about 0.03 percent (differences are both negative and positive) .
Selection of data for C s to C 1S n-alkanes
There is a limited number of literature sources reporting heat capacities for high n-alkanes (except decane) and the temperature range of measurements isnot usually very large. The main basis for establishing the recommended data were measurements from the Bureau of Mines (54FIN/ GRO, 67MES/GUT). For Cg and C 9 n-alkanes several high accuracy values measured near room tempe~ature at the National Bureau of Standards, Washington D. C. (470SB/ GIN) were also included.
Results of reasonable reliability reaching above 40 K are available only for Cg, C lO , CII' C 14 ' and C l6 n-alkanes .. Most of the selected high temperature data were measured in the Groznensky Petroleum Institute, USSR (75GRIIRAS, 84GRI/AND, 88KUZ/KHA). For hexadecane the only high-temperature values were published by the Laboratory of Physical Chemistry, Paris (74PET/TER); two experimental data points at the highest temperature were, however, discarded in the final selection as they obviously distorted the heat capacity curve. The results from The Poly technical Institute (Polytekhnicheskii Institut) in Baku, USSR for C 9 , Cll' and C l3 n-alkanes (76MUS) were entirely eliminated as their temperature variation was found completely unrealistic.
There are a number ofliterature sources reporting data at one temperature or in a limited temperature range near 300 K. These data were usually determined in connection with mixture investigations as the values at the liinit of a concentration range. They are in most cases largely scattered, the main reason being the low purity of samples. It does not significantly influence the excess propert.ies of mixtures but affects strongly heat capacity of pure substances where higher accuracy is expected.
For obtaining an estimate of heat capacities at temperatures where the data are missing, the contribution method based on the recommendations in this communication (90ZAB/R UZ 1) was developed.
Temperature variation of heat capacity for n-alkanes
Temperature dependence of heat capacities of liquid nalkanes (see Figs. 18 and 19) is less complex compared to that for l-alkanols. Accurate measurements suggest presence of a shallow minimum near the melting point of a substance; otherwise heat capacity is an increasing convex function of temperature. The curves for methane, ethane, and heptane where the data are available in the vicinity of the critical temperature demonstrate a steep increase in the heat capacity as the critical temperature is approached.
The fit of the heat capacity as a function of temperature using cubic splines was satisfactory; the deviations were within the expected error limits except for methane where the scatter was somewhat higher. For C I , Cz, and ~ n-alkanes where the data reach close to the critical point the total temperature range had to be divided into four subintervals in order to fit the data satisfactorily. For C 9 , C 12 , C 13 , C 15 , C n , and CIS n-alkanes simple temperature polynomial of a second or third degree was sufficient to fit the data adequately.
Description of Tables and Deviation Plots
Most of the information on the data and their processing is given in tables described below. The characterization of raw data, their consistency, and results of correlation are summarized for each n-alkane separately in three tables (experimental heat capacities, correlated heat capacities, parameters of cubic spline or regression polynomials) and a deviation plot . In the case of heptadecane where only one data source was considered (67MES/GUT) the table of correlated heat capacities as well as deviation plot were not produced.
At the end of the article the recommended values generated from the cubic splines or regression polynomials Eq. ( 13) and parameters of quasipolynomial extrapolation Eq. (15) are tabulated together for all n-alkanes in Tables 54 and 55, respectively. Graphical representation of the recommended data is in Figs. 18 and 19.
Correlations for both isobaric and saturation heat capacities were performed with cubic splines for C 1 to C s and C to n-alkanes. No distinction is made between the two heat capacities for other compounds (see Sec. 1.2 for explanation).
The correlation with quasipolynomial equation was not carried out for tridecane and pentadecane where data were available in a too limited temperature range for considering a meaningful extrapolation. Where distinction between C ~at and C ~ was made only the former property was correlated.
Certain statistics and parameter values are listed in the modified E notation. The first part of number denotes fractional part which is followed by the exponent of the 10. The exponent is separated from the fractional part plus or a minus sign (e.g., -1.53 -5 -1.53'10-5 ).
Experimental heat capacities
Each line of the table contains information on one liter_ ature source of experimental data; when several distinct data sets were given for the same compound in one pUblication there are several lines for one data source, each relating to one data set.
First column: the abbreviated reference in the form YY AAA/BBBM where YY are the two last digits of the year of publication, AAA and BBB are the first three letters of the last name of the first and second author (if present), respectively. M is a digit from 1 to 9 distinguishing papers published by the same author(s) within the same year.
For some sources a footnote is added below the table. In these cases there is capital N between the first and second column.
Second column: temperature range of the data set in Kelvin.
Third column: number of experimental data points; symbol "Eq." is used in those cases where only parameters of a smoothing equation were presented in the original literature, "s" denotes the cases when instead of raw values only smoothed data points were found in literature.
Fourth column: error of measurement (J"rC ~xp in percent estimated by the author ( s); abbreviation "nosp" is used when no specification is given in the original literature.
Fifth column: purity of the substance in percent and analytical method used for its determination; the meaning of the abbreviations used is as follows: "anal"-analytical (used when the analytical method was not specified), "chrom"-gas chromatography, "estim"-the purity was estimated by the authors, "melpt"--determination of impurities from the melting point depression.
Sixth column: type of the heat capacity reported in the original literature; C p -isobaric heat capacity, C sat -saturation heat capacity, Cavg-the average heat capacity determined over a temperature range usually greater than 10 K.
Seventh column: type of the calorimetric method used for determining the data and reference to the· publication where the instrument is described. The abbreviations used for calorimetric techniques are as follows: AD-adiabatic calorimetry, CC-measurement of cooling curve, CT -use of the Calvet-Tian type of calorimeter, DC-differential calorimetry, DR-drop calorimetry, DS-differential scanning calorimetry, FL-flow calorimetry, IP-isoperibol calorimetry, RP-regular pulsing technique. More detailed description of individual methods can be found in (90ZABI RUZ2).
Correlated heat capacities
This table contains information on the results of the correlation presented for the individual data sets. The statistics for the selected and rejected data sets are listed ip the upper and lower half of the Second column: temperature range (in Kelvin) in which the data from a particular source were included in the correlation.
Third column: number of values used in the final determination of the correlation parameters.
Fourth column: percentage error (J'rC I used to estimate the variance of individual data points [Eq. (4) ]. This value is either equal to (J'rC~xp (column 4in the table of experimental heat capacities) or is assigned by the evaluator in cases when no specification is given in the original source or the author's estimate does not seem to be realistic. When the percentage error (J'rC I was assigned or modified by the evaluator, the value is followed by the sign #. (12)] divided by gas constant R (dimensionless).
Ninth column: the difference between the numbers of experimental points with positive and negative deviation from the recommended values· (denoted + / -).
In the lower part of the table the quantities d /R,d r , db/R, and + /are presented in parenthesis for each reference rejected from the final correlation. Only the references with data inside the temperature range of the selected values are listed.
In the case of C 1 to Cg and C IO n-alkanes the correlations for isobaric and saturation heat capacities were performed separately. We give, however, for these compounds only one table of correlated heat capacities as the selection of data sources did not differ and values of statistics were practically identical in both correlations.
Parameters of cubic spline polynomials
This table gives in the upper part characteristics of the final correlation of the selected data and lists in the lower part the corresponding parameters of the cubic spline polynomials.
The upper part consists of two lines when both isobaric and saturation heat capacities are tabulated and of only one line when no distinction is made between the two heat capacities. The following items are listed.
First column: type of heat capacity listed-C p and C sat denote isobaric and saturation heat capacities, respectively. Symbol C is used when it was not reasonable to make any distinction between the two types of heat capacities. Second column: the total number of aU experimental data points available.
Third column: the total number of experimental data points used in the correlation.
Fourth column: standard weighted deviations w defined by Eq. (5) .
Fifth column: standard deviation s [defined by Eq.
(6)] divided by gas constant R (dimensionless). Eighth column: the overall differences between the numbers of experimental points with positive and negative deviation from the recommended values (denoted + / -).
The parameters of polynomials describing individual subintervals of the temperature range of the selected data are listed in the lower part of the table. When both C ~ and C ~at were correlated separately, two sets of parameters are given. The meaning of the individual columns is as follows:
First column: temperature subinterval in Kelvin to which the listed parameters relate.
. Second to fifth columns: parameters of the polynomial defined by Eq. (13) valid in the given subinterval. Dimension of parameters is lITj.
Sixth column: level of accuracy assigned by the evaluators to the data generated from the polynomial in the given temperature subinterval. This characteristic expresses the expected overall accuracy of the recommended data and reflects both the uncertainty in the experimental values and possible error due to the fitting procedure. The following levels of accuracy were assigned: I excellent data (uncertainty below 0.1 percent) II highly reliable data (uncertainty below 0~25 percent) III reliable data (uncertainty below 0.5 percent) IV medium quality data (uncertainty below 1 percent) V data of low reliability (uncertainty below 3 percent) VI very unreliable data with a possibility of gross systematic errors (uncertainty above 3 percent).
Deviation plots
An overview of the deviations from the recommended values for all experimental data (both included in and rejected from the final correlation) measured by various authors is presented in graphical form in the deviation plots. The tem-. perature is plotted along the x-axis and the relative percentage deviation for individual data points along the y-axis. Points that lie outside the range ofthe ordinate in the plot are accompanied by the numerical value of the deviation. Some points that overlap each other are omitted. Some data sets that exhibit large deviations from the recommended data were not included. Table 54 lists recommended heat capacities generated from the parameters of cubic spline polynomials at typical temperatures 273.15 and 298.15 K, and with the step 10 K over the whole temperature range of the selected experimental data. > 4.6. Parameters of quasi polynomial extrapolation equation
Recommended values of heat capacities
The parameters in Table 55 represent G ~ for C l to Cg and C IO n-alkanes; no distinction between the types of heat capacity is made for other n-alkanes. The tabulated items have the following meaning.
First line: name of compound. Thirteenth line: level of accuracy within the temperature range of the experimental data. When using the equation outside this interval the accuracy deteriorates with the length of extrapolation. Table 56 summarizes results of comparisons with heat capacities in the DIPPR data base. Also the data for C l to C 6 l-alkanols presented in our previous communication (90ZAB/RUZ2) were considered (DIPPR data base does not cover higher members of the homologous series). The DIPPR values relate to 101.325 kPa below the normal boiling temperature and to the vapor pressure above this temperature; it is not clearly specified if the parameters represent saturation or isobaric heat capacity. We based comparison on our Gsa! (the differences were lower compared to G p ).
Comparison with the DIPPR data
The data bases which served for generating recom-mended data in the two projects are not comparable as DIPPR used often also secondary sources and/or extrapo. lated data. It can be, however, said that we have exploited some more recent references omitted in the DIPPR data base where also the Soviet sources were totally missing. Our recommendations cover wider temperature range for C s , C 6, Cg, C IO , Cll' C 14 ' C l6 n-alkanes and for C 4 to C 6 I-alkanols. The comparisons were performed only in the temperature intervals where both evaluations were valid. The tabulated items have the following meaning. First column: compound identification. Second column: temperature range of comparison. Third column: average absolute percent deviation of the DIPPR values from our recommendations.
Fourth column: maximum percent deviation of the DIPPR values from our recommendations.
Fifth column: ratio of the value in the third column and the sum of the reported percent uncertainties in our recom. mendations and those in the DIPPR data base.
Sixth column: ratio of the value in the fourth column and the sum of the reported percent uncertainties in our recommendations and those in the DIPPR data base.
For most compounds the differences change sign Over the temperature range where comparisons were performed. Our data are systematically higher for ethanol and n-nonane and lower for I-butanol. The items in the last two columns are in most cases below I which indicates that the differences were usually smaller than the sum of expected errors of the two recommendations (error limits of the DIPPR data base are generally larger compared to ours). Important disagreement was observed only for I-propanol where some systematic error can be expected in the DIPPR data base. all values (except the first one) at pressure above p"", . 
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